Hybrid zones provide biologists with the opportunity to examine genetic and ecological interactions between differentiated populations. Accurate identification of hybrid genealogies is considered a necessary prerequisite to understanding observed patterns of hybridization-related phenomena. We analysed molecular and morphological data from individuals in a hybrid zone between two species of willows ( Salix sericea Marshall and S. eriocephala Michaux) and report the use of randomly amplified polymorphic DNA (RAPD), chloroplast DNA (cpDNA), and ribosomal DNA (rDNA) markers, as well as vegetative morphology and foliar chemistry data to identify individuals in terms of hybrid genealogy and to infer the direction and extent of backcrossing and introgression within the hybrid zone. A novel version of a maximum likelihood estimate approach (developed for this study) was used to calculate hybrid index scores from RAPD marker data; this method produced results similar to those obtained using traditional arithmetic methods. Distribution of rDNA, cpDNA, and chemistry data were examined within the graphical context of RAPD-based hybrid index score histograms and principal component analyses (PCA) on RAPD and morphology data. Seven of the 21 plants classified as S. eriocephala in the field were possible introgressants. Another plant presented an unequivocal example of backcrossed S. sericea chemistry and RAPD markers. Inter-and intraspecific chloroplast diversity found within the hybrid zone suggests both historic introgression (perhaps in a glacial refugium), and contemporary hybridization. Patterns of inheritance and expression within the hybrid zone suggest that morphological characters are often not expressed in a simple additive fashion, and problems associated with both morphological and molecular data are considered.
Introduction
Hybrid zones are of interest to biologists because they provide an opportunity to investigate genetic and ecological interactions between differentiated populations. Recently, a number of studies have examined the distribution of herbivores and parasites in hybrid zones of their hosts to address evolutionary and ecological questions regarding the nature of resistance to pests and the evolution of host shifting (e.g. Whitham 1989; Floate et al . 1993; Paige & Capman 1993; Boecklen & Larson 1994; Morrow et al . 1994; Skuhravy et al . 1997; Hjältén 1997; Fritz et al . 1994 Fritz et al . , 1996 Fritz et al . , 1998 . Herbivore/parasite densities often appear to differ among hybrids and mechanisms of resistance are assumed to be polygenic quantitative traits (Simms & Rausher 1992) . Accurate identification of hybrid genealogies is therefore considered a necessary prerequisite to understanding observed patterns of herbivore/parasite distributions in natural populations and to test proposed models of resistance (Paige & Capman 1993; Fritz et al . 1994; Strauss 1994) .
Introgression is one of the principal evolutionary consequences of reproduction involving semifertile hybrids in a hybrid zone (Arnold 1997) , and has been assumed to occur frequently among the land plants (Rieseberg & Wendel 1993; Arnold 1997) . A variety of genetic and ecological consequences have been proposed for introgression of genetic material between otherwise divergent populations, including: increased genetic diversity, origins or transfer of adaptations, origin of ecotypes or species, breakdown or reinforcement of isolating barriers, and promotion of dispersion and colonization (Anderson 1949; Stebbins 1959; Lewontin & Birch 1966; Potts & Reid 1988; Rieseberg & Wendel 1993) .
In this study we present the results of analyses of molecular and morphological data from two species of willows ( Salix sericea Marshall and S. eriocephala Michaux) and their naturally occurring hybrids. Although S. eriocephala and S. sericea are considered members of different sections of the genus (Dorn 1976) , they are relatively similar in their vegetative appearance. Typically, S. eriocephala is recognized by its large, broad, persistent stipules and glabrous mature leaves, whereas S. sericea has smaller, narrower, deciduous stipules and pubescent mature leaves. S. eriocephala occurs on gravelly or rocky river and stream banks, in marshy fields, and in mixed mesophytic woods on alluvium, while S. sericea forms thickets in marshes, sedge meadows, acid bogs, on rocky, silty, or sandy stream banks, and on open seepage (Argus 1986 ). Male aments provide no additional diagnostic characters for either species, and therefore approximately 50% of the plants in any population must be identified vegetatively. Several differences in female aments exist between the species, but because these aments are ephemeral and shed early in the season, floral features are seldom useful in identifying the species or in diagnosing hybridity. S. sericea and S. eriocephala hybridize readily where sympatric (Argus 1986 ) and this hybrid complex has been the focus of an herbivore/parasite/prey interaction study, from the perspective of the herbivores and parasites (Fritz et al . 1994 (Fritz et al . , 1996 (Fritz et al . , 1998 Orians & Fritz 1995; Orians & Floyd 1997) .
This study continues a protracted investigation of willow evolutionary ecology in eastern North America. Here we are concerned with identifying individuals in a single hybrid zone with respect to their hybrid genealogies and to demonstrate the potential of recurrent introgression between S. eriocephala and S. sericea by documenting evidence of backcrossing within the zone. Randomly amplified polymorphic DNA (RAPD), chloroplast DNA (cpDNA), and ribosomal DNA (rDNA) markers, as well as vegetative morphology and foliar chemistry data, are used to identify individuals in terms of hybrid genealogy. RAPD-based hybrid index score histograms and principal component analyses (PCA) on RAPD and morphological data render sensible graphic representations of pattern(s) in character trait variation among individuals in the hybrid zone. The distributions of rDNA, cpDNA, and chemistry data are then investigated against the derived patterns. We attempt to identify individuals as either a parental (P 1 , P 2 ), hybrid (F 1 , F 2 , F 3 , etc.), or backcross (BP 1 , BP 2 , etc.) and to infer the direction and extent of backcrossing and introgression based on their apparent genetic constitution. Patterns of morphological character inheritance and expression within the hybrid zone and some practical implications with regard to hybrid identification are both considered. An investigation of biogeographic patterns of genetic diversity among populations of S. eriocephala and S. sericea over much of their ranges is currently in progress.
The direct method of identifying and quantifying introgression often employs hybrid index scores to estimate backcross phenotype frequencies (e.g. Anderson & Hubricht 1938; Bell & Lester 1978; Soltis & Soltis 1986; Ellstrand et al . 1987; dePamphilis & Wyatt 1990; Howard 1997; see Nason et al . 1992) . While the traditional hybrid index is effective in distinguishing intermediate individuals, it also imposes the assumption that hybridization (i.e. the production of an F 1 ) results in an intermediate condition for each character incorporated in the hybrid index. Assumption of morphological intermediacy in hybrids was challenged by a recent review of 35 separate hybrid studies, although general support was found for an assumption of molecular additivity in hybrids (Rieseberg & Ellstrand 1993 ; see also Rieseberg 1995) . The hybrid index approach (as it applies to molecular data) can be limited by the amount of data available for analysis, because only characters that are fixed for alternate states (i.e. monomorphic) in respective parental populations are suitable for calculating traditional hybrid index scores. Molecular characters that are polymorphic within both parental populations are not readily exploitable using conventional means of hybrid index calculation. Recently, Rieseberg et al . (1998) used a maximum likelihood (ML) approach to estimate hybrid index scores from polymorphic isozyme loci data. A novel version of the ML estimate approach is developed for this study to calculate hybrid index scores using both monomorphic and polymorphic RAPD markers.
Materials and methods

Study site, plant collections and DNA extractions
The study site is located in central New York state, 3 km west of Milford, NY along County Route 44 where a naturally-occurring willow hybrid zone, involving specimens of Salix sericea and S. eriocephala , has developed in a swampy area occupied by both species. This study was limited to a group of individuals ( n = 50) (Table 1) for which morphological data had previously been collected. Original sampling for subsequent morphological analysis included nearly all known hybrids, with haphazard sampling of pure S. eriocephala and S. sericea individuals; individuals were classified based on morphological characters. Leaf material was collected in the field from permanently tagged specimens and returned to the laboratory for DNA extraction. Total DNA was extracted from fresh leaf tissue using a modified CTAB method previously described (Brunsfeld et al . 1992) .
RAPD marker selection
RAPD markers were selected, amplified, and scored as previously described (Fritz et al . 1994 (Fritz et al . , 1996 . Twenty markers that appeared to be fixed for one or the other parent species were selected in the earlier study (Fritz et al . 1996) . Here, the original primers were reevaluated for additional markers ignored earlier because they had appeared to be polymorphic in one or both species; 11 markers were added to the data set in this manner. Twenty-one additional primers were tested on a subset of parent species and hybrids; yielding 12 more RAPD markers (i.e. 43 markers in total) (RAPD data available from S.J.B., upon request).
Hybrid indexes
Arithmetic hybrid index scores using 20 fixed markers were calculated as described in Fritz et al . (1994) . ML estimations of hybrid index scores, using both fixed and polymorphic markers, were calculated using a computer program written for this study (see Appendix I; program available from M.M.: mmorgan@mail.wsu.edu). All scores are standardized to range between zero and unity. The results of a ML hybrid index analysis are dependent, in part, on the specific constitution of parental samples. After conducting a preliminary ML analysis, using original field designations as sample identifiers, the initial estimate of the parental samples was refined based on several lines of evidence (see below), some parental individuals were reassigned into the hybrid sample, and the data were then reanalysed.
Determination of chloroplast haplotypes
We sequenced 1700 bp of the chloroplast-encoded matK gene and its 3 ′ flanking region of specimens of S. sericea and S. eriocephala from the study site and from allopatric populations. Amplification and sequencing primers used for analysis of the chloroplast-encoded gene are given in Johnson & Soltis (1994 , 1995 . Divergence between trnK -1506R and its target sequence in Salix matK necessitated the development of an alternative primer ( matK -1556R: 5 ′ -GAGGCTGTCCCCCCAATCC-3 ′ ). PCR amplification and cycle sequencing were conducted following Hardig (1997 
Determination of rDNA genotypes
The ITS regions and intervening 5.8S coding region (approximately 1100 bp in Salix ) of S. eriocephala and S. sericea specimens from the study site were amplified using primers 1406F and 307R (White et al . 1990 ). Sequencing primers used were: 1406F, ITS -2, ITS -3, and ITS -4 (White et al . 1990 ). PCR products were cleaned, sequenced, and aligned as described in Hardig (1997) . A preliminary phylogenetic analysis that included several other presumed closely related species of Salix identified an Apa I restriction site difference between the rDNA of S. sericea and S. eriocephala (T. M. Hardig & S. J. Brunsfeld, unpublished) . To assay individuals for the presence or absence of the diagnostic Apa I restriction site we digested the original PCR products with Apa I following the manufacturer's (Promega) instructions. Products possessing the Apa I restriction site were cut into two fragments of 250 bp and 850 bp. Digestion products were separated and visualized as described above for cpDNA PCR restriction fragment length polymorphisms (RFLPs). Ribosomal alleles from study site individuals were scored as either 'e' ( Apa I+) or 's' ( Apa I − ).
Chemistry
S. eriocephala and S. sericea differ in their secondary chemistry (Orians & Fritz 1995) . S. eriocephala lack foliar phenolic glycosides, whereas S. eriocephala and S. sericea both produce condensed tannins, but at different relative concentrations (C. Orians, personal observation). Phenolic glycosides and condensed tannins were assayed using standard techniques (Nichols - Orians et al . 1992; Orians & Fritz 1995 and references therein).
Morphological characters
Morphological measurements of the major diagnostic vegetative characteristics of S. eriocephala , S. sericea and putative hybrids were made from leaves and shoots collected from field plants in 1992. Five shoots from each plant were randomly collected. Mean stipule persistence was calculated by dividing the total number of nodes present on each shoot into the number of nodes with stipules present. One stipule from the sixth node down from the growing tip of each shoot was measured using a dissecting microscope equipped with a measurement reticle; maximum length, maximum width perpendicular to the long axis, and bulb size (distance from the attachment point of the stipule to its widest part) were averaged for each plant. Stipule shape was determined by the ratio of stipule length to stipule width. Five leaves were sampled (one per shoot) to determine the density of hairs on each leaf. Using a square grid on the ocular reticle of a dissecting microscope, the number of hairs intersecting four separate square fields at each corner of the grid was counted at a haphazard point on the abaxial surface of each leaf; leaf veins in the counting area were excluded to avoid biased estimates of hair density. The mean number of hairs in the 20 grids (5 leaves × 4 grids per leaf ) was used as the value for each plant. We performed a priori contrasts to test for fit of character means in the hybrid sample to predicted patterns of character expression (i.e. dominant/recessive, additive) following Fritz et al . (1996) , with the following exception: if the initial contrast (contrast A) between a hybrid value and the average value of the two parents was significant, we conducted a Tukey's pairwise multiple comparison of means, in lieu of contrast C (Fritz et al . 1996) . Means and standard deviations for the samples of S. eriocephala and S. sericea were calculated using specimens with arithmetic hybrid index scores greater than or equal to 0.85 and less than or equal to 0.10, respectively.
Multivariate analysis of RAPD data
Principal component analysis (PCA) of the RAPD data was conducted using NTSYS-pc (Rohlf 1996) . Raw RAPD data were converted into a correlation matrix using the Jaccard coefficient with the SIMQUAL function. Three eigenvectors were extracted from the correlation matrix using the EIGEN function. The data were projected onto the resulting eigenvectors using the PROJ function and a two-dimensional plot of the data was achieved using the MXPLOT function. We conducted two separate analyses, one with the original 20 RAPD markers and one including the additional 23 markers.
Multivariate analysis of morphological data
Analysis of the morphological data was conducted using NTSYS-pc (Rohlf 1996) . Morphological data were standardized using the default options of the STAND program. Standardized data were converted into a correlation matrix, using product-mean correlation coefficient, with the SIMINT function. Three eigenvectors were extracted from the correlation matrix using the EIGEN function. The data were projected onto the resulting eigenvectors using the PROJ function and a twodimensional plot of the data was achieved using the MXPLOT function.
Results
Chloroplast haplotypes
The s-type cpDNA haplotype was present in all Salix sericea (n = 13) and putative hybrid ( n = 16) specimens examined. The e-type cpDNA haplotype occurred in 32% ( n = 7) of the examined S. eriocephala specimens and was found only in female plants (Table 1) .
Ribosomal DNA genotypes
All S. sericea specimens examined in this study were fixed for the rDNA allele. S. eriocephala specimens, with several notable exceptions, were fixed for the rDNA allele. S. eriocephala specimens E6, E27, E37, E42, and E47 were heterozygous, possessing both rDNA alleles. RAPD and morphological data for these five heterozygous specimens provided clear evidence that they are hybrids, evidently misidentified as S. eriocephala in the field (see below). All plants identified as putative hybrids in the field possessed heterozygous genotypes, except ES34 which was homozygous for the rDNA allele (Table 1 ). All specimens of both species confirmed to be 'pure' by the totality of other evidence were homozygous for their respective rDNA alleles, but not all homozgyotes were 'pure' specimens. Specimen S23, for example, is homozygous for the 'S' rDNA allele, yet it is clearly impure based on RAPD marker data, and RAPD PCA results (Figs 1b, c, 2) . Thus, rDNA homozygosity is obviously a necessary, but insufficient, criterion for the identification of pure individuals of either species.
Chemistry
Pure S. eriocephala are conspicuous for their lack of foliar salicortin or 2 ′ -cinnamoylsalicortin, pure S. sericea produce very high concentrations and hybrids produce variable but intermediate concentrations (Table 1) . S. eriocephala , S. sericea and hybrids all produce condensed tannins, but at different concentrations; S. eriocephala produces high levels, S. sericea produces low levels, and hybrids again produce variable but intermediate concentrations.
Morphometric data analysis
General statistics of measured traits for S. sericea and S. eriocephala and putative hybrids are listed in Table 2 . Sample means of all characters examined were intermediate in the putative hybrids, with respect to S. sericea and S. eriocephala. PCA of the combined morphological data set indicates that the first two derived factors accounted for 88.2% of the observed variance (Table 3 ). All variables, except bulb size, loaded highly. The first factor distinguished two contrasting groups of variables, and accounted for 86.0% of the combined first-and second-factor variance (Table 3 ). In the second factor, all variables, except bulb size, had low loadings. A plot of individual component scores along the first principal component (x-axis) showed a general separation of S. sericea and S. eriocephala individuals at opposite ends of the factor axis, with putative hybrid individuals intermediate (Fig. 1a) . No notable differentiation between samples was evident in the plot of second-factor components along the second-factor (y) axis (Fig. 1a) .
Multivariate analysis of RAPD marker data
PCA of the initial (Fritz et al. 1996) RAPD data set (20 (Table 3 ). The first factor accounted for 69.0% of the combined first-and second-factor variance. The second factor distinguished two contrasting groups of variables that constitute the original species-specific diagnostic markers (results not shown). A plot of individual component scores along the first two factor axes (Fig. 1b) results in a generally discrete clustering of hybrids at one end of the first factor (x) axis and an undifferentiated cluster of S. sericea and S. eriocephala individuals at the other end (Fig. 1b) , while the components of the second factor (y-axis) clearly differentiates the three samples (Fig. 1b) . PCA of the expanded RAPD data set (43 markers) accounted for 65.7% of the observed variance with the first two derived factors (Table 3 ). The first factor accounted for 76.2% of the combined first and second factor variance. The second factor distinguished two contrasting groups of markers, which consisted of all markers in highest frequency for S. sericea and S. eriocephala, respectively (results not shown). A plot of individual component scores along the first two factor axis recovers the same basic pattern in character variation found using only 20 markers (Fig. 1b & c) ; a PCA using only the additional 23 RAPD markers also recovered a similar, though less distinct pattern (results not shown).
Hybrid index scores
Arithmetic hybrid index scores derived using the original (Fritz et al. 1996) 20 species-specific RAPD markers are given in Table 1 . Nine of the 21 field-identified individuals of S. eriocephala and four of the 13 individuals of S. sericea included in this study had index scores indicating that they were not pure (Table 1) . Two field-identified hybrids and one S. eriocephala (misidentified) had arithmetic hybrid index scores of 0.5 (Table 1) .
ML hybrid index scores derived using all 43 RAPD markers in the first iteration are given in Table 1 . The mean ML hybrid index score for individuals of S. eriocephala was 0.89 (SD 0.11); five specimens (E6, E27, E37, E42, and E47) possessed ML hybrid index scores that deviated below the mean in excess of a single standard deviation (Table 1 ). The mean ML hybrid index score for individuals of S. sericea was 0.08 (SD 0.07); one specimen possessed an ML hybrid index score that deviated above the mean in excess of a single standard deviation (Table 1 ). The mean ML hybrid index score for hybrid individuals was 0.54 (SD 0.05); five specimens possessed scores that deviated more than one standard deviation from the mean (Table 1) .
We examined the morphology and rDNA data available for the five individuals of field-identified S. eriocephala that deviated towards the hybrid condition by more than a single standard deviation (Table 1 ). All were polymorphic for parent-specific rDNA markers (see above). These specimens were reassigned to the hybrid sample and the data set reanalysed. Despite its deviant RAPD phenotype, we did not reassign S23 because it was monomorphic for the 'S' rDNA allele and had a typical S. sericea morphology. Class averages and standard deviations from this second iteration are presented in Table 1 . All subsequent use of ML hybrid index scores will refer to the standardized results of the second iteration. Both the arithmetic and ML hybrid index scores produce similar frequency distributions in histograms (Fig. 2) , although the two methods result in a different distribution of some individuals. The histogram of arithmetic hybrid scores shows the intermediate distribution skewed towards (Fig. 2) . Specimens E46 and E9 occupy an intermediate position between the central hybrid group and S. eriocephala in the arithmetic hybrid index score histogram, but occur on the fringe of the S. eriocephala distribution in the ML hybrid index score histogram (Fig. 2) .
Morphological character expression
Although 21 plants were classified as S. eriocephala in the field, five of them (E6, E27, E37, E42, E47) are unambiguous hybrids based on genetic data (see above) and were grouped with the other hybrids in the analysis of morphological character state variation. The remaining 16 pure or relatively pure S. eriocephala have an average stipule persistence of 66%, not significantly different (P > 0.05) than the value of 59% for hybrids, but both are significantly different (P < 0.05) from the 26% value for S. sericea (Fig. 3) . S. eriocephala plants have the largest stipules, with respect to length, width, and bulb measurements (Table 2) . These dimensions are all significantly (P < 0.05) larger than in hybrids which are in turn significantly (P < 0.05) larger than in S. sericea (Fig. 3) . S. eriocephala has stipules that are relatively wide in relation to their length and a significantly (P < 0.05) smaller shape ratio than in either hybrids or S. sericea, which are not significantly (P > 0.05) different from each other (Fig. 3) . Leaf pubescence is absent or extremely sparse in S. eriocephala, dense in S. sericea, and, on average, intermediate in hybrids (Table 2 ); all means are significantly different (P < 0.05) (Fig. 3) .
Discussion
In this study we attempt to infer genealogies among a sample of hybrid zone shrubs, examine evidence for backcrossing and introgression based on a large body of morphological, molecular genetic, and chemical data, and determine patterns of morphological character inheritance and expression within a hybrid zone. Soltis et al. 1992) . These cases have generally been attributed to introgression and fixation of cpDNA haplotypes in small isolated glacial refugia, with subsequent spread during range re-expansion. Based on pollen data, several glacial refugia have been proposed for eastern North America, including one in the vicinity of Goshen, Alabama (Delcourt 1980) , which is also in the vicinity of the southern disjunct S. eriocephala populations. Currently, we believe that the modern distribution of s-type cpDNA haplotypes among the willows of eastern North America is attributable to both ancient introgression (perhaps in the proposed Goshen glacial refugium), as well as recent introgression in contemporary hybrid zones, although we cannot yet distinguish between the proximate and ultimate origins of s-type cpDNA haplotypes in S. eriocephala at the study site. Despite lingering questions about the distribution of the e-type cpDNA haplotype at the study site (e.g. why did we find it only in female plants), we can conclude with some confidence that they did not originate in S. sericea, with subsequent introgression into S. eriocephala. The absence of the e-type chloroplast in all hybrid specimens (Table 1) suggests that S. eriocephala seldom, if ever, serves as the ovule/cytoplasm donor in S. eriocephala × sericea hybridization events, a conclusion consistent with hand-pollination experiments (Mosseler 1989 (Mosseler , 1990 ; R. S. Fritz, personal observation). The exclusion of an S. eriocephala cpDNA haplotype from the F 1 generation means that it will not occur in subsequent hybrid generations (F 2 , F 3 , etc.). Therefore, we expect to find e-type cpDNA haplotypes restricted to pure S. eriocephala specimens and specimens derived from backcrosses between male hybrids and female S. eriocephala plants. Thus, the asymmetry of the initial hybrid cross fortuitously presents us with a criterion for the discrimination of S. eriocephala backcrosses (introgressants) from hybrids (see below).
Chloroplast diversity
Comparison of multivariate analyses
The object of a multivariate analysis is to render a sensible (i.e. graphical) representation of trends in character trait variation across multiple characters for a sample of individuals. Inherent patterns in character variations are presumed to have biological explanations; we assume that the species recognized as S. eriocephala and S. sericea represent relatively distinctive compilations of co-adapted gene complexes, and that mixing of these complexes via hybridization produces individuals demonstrating a range of recombinant traits. PCA of morphology differentiated between the parents and hybrids in the first factor, as expected from the distribution of measurement values (Table 2) . On the other hand, RAPD PCAs differentiated these groups only in the second factor (Fig. 1) . The first factor pattern appears to reflect the fact that average phenotypic frequencies of RAPD markers in the hybrid sample are higher than in either parent sample because of the dominant nature of RAPD markers. For example, 10 of the 20 original RAPD markers were fixed for S. eriocephala and S. sericea samples, respectively, giving each sample an average marker phenotype frequency (over all 20 markers) of 50%, while a hybrid sample (if it consisted entirely of F 1 hybrids) would have an average marker phenotype frequency of 100%. First factor values often account for variation associated with differences in sample means (Flury 1997) . PCA of morphological characters provided the most limited resolution of variation between S. eriocephala and S. sericea, while PCA of the 20 RAPD marker data provide the strongest resolution. The effect of adding additional RAPD markers (including polymorphic ones) to a PCA analysis is a general broadening of the centroids evident for each group, yet the degree of distinction between groups does not appear to lessen (Fig. 1b,c) . Less variance is accounted for by the first two PCA factors when polymorphic RAPD markers are included, indicating that these markers add some noise (i.e. random variation) to the data set (Table 3) .
Hybrid indices
Both arithmetic and ML hybrid indices provide a direct method of hybrid zone analysis, and both methods produced similar graphic results (Fig. 2) . Furthermore, these analyses identified the same inherent pattern of variation in the RAPD data set (Figs 1b,c, 2) . The arithmetic hybrid index method performed well in this study because of the existence of a relatively large number of diagnostic RAPD characters. However, the ML method has potentially broader usefulness because it is applicable to a larger class of genetic markers. A ML analysis using only polymorphic RAPD markers recovered the same basic pattern as when all 43 markers were used, but with a more continuous distribution (results not shown). Perhaps the greatest utility of the ML approach would be in a study that is limited by the availability of species-specific markers. However, distinguishing parents from backcrosses and backcrosses from hybrids along a graphical continuum will require additional independent lines of evidence.
Morphological character expression
Character state measurements for the 50 plants (results not shown) and graphs of mean values (Fig. 3) illustrate examples of both parental and intermediate character expression. First, individuals identified as hybrids show strong stipule persistence, such as in S. eriocephala (means not significantly different, P > 0.05), in contrast to the significantly (P < 0.05) lower values for S. sericea. This conspicuous qualitative trait is probably controlled by one or two genes (Gottlieb 1984 ) whose expression appears to be largely dominant. Second, stipule shape is not significantly different (P > 0.05) between S. sericea and hybrids, again suggesting dominant parental character expression. Shape has been shown to be under mono-or digenic control in a variety of studies (reviewed in Gottlieb 1984) . Third, and in contrast, the quantitative dimensions of the stipules (length, width, and bulb width) show mean values that are intermediate between the two species. Although the means for these characters are all significantly different (P < 0.05), hybrid stipule dimensions are notably more similar to S. eriocephala than to S. sericea (Fig. 3) . The pattern of quantitative variation in stipule dimensions suggests multigenic control with either: (i) dominance at one or more locus (Grant 1975) ; (ii) an asymmetrical representation of hybrid genotypes perhaps due to selection (Rieseberg & Linder 1999) ; or (iii) pervasive backcrossing with S. eriocephala. The latter, however, is not supported by hybrid index scores (Fig. 2) . Finally, the average density of leaf pubescence in hybrids is intermediate between the parental species (means are significantly different, P < 0.05), but the densities for individual hybrid plants vary continuously from glabrous, as in S. eriocephala, to densely pubescent, as in S. sericea. This is consistent with multigenic control of pubescence quantity, as shown in other studies (see Hilu 1983) . As with stipule size measurements, most of the hair densities are strongly skewed towards the low density of S. eriocephala, again suggesting that either one or more of the multiple genes could be dominant, or there is an asymmetry in the survival of hybrid genotypes.
Hybrid plants possess a collection of both parental and intermediate morphological characteristics, but this group is by no means morphologically homogeneous. For example, specimen ES12 has S. sericea-like stipule persistence, whereas most of the other hybrids have high, putatively dominant, S. eriocephala-like persistence. Specimen ES21 has S. eriocephala-shaped stipules, whereas the other specimens have the putatively dominant, narrower S. sericea shape (data not shown). The quantitative characters have high standard deviations (Table 2) , but, as is indicated in the PCA, are often correlated (Table 3) . Thus, specimens with small stipule measurements also tend to possess denser pubescence, and appear more S. sericealike (e.g. ES31); while specimens with large stipule measurements also tend to possess sparser hair density and appear more S. eriocephala-like (e.g. ES32). This reduced segregation of the few distinguishing morphological characteristics, in conjunction with their mode(s) of expression, appears to have created a number of parental or nearparental hybrid morphotypes, greatly confusing field identification of S. eriocephala individuals in the hybrid zone. In contrast to the general lack of a strong morphological discontinuity between S. eriocephala and hybrid plants, S. sericea plants tend to be morphologically well marked and unambiguous (see also Fritz 1994) .
The hybrid zone
Eight of 21 S. eriocephala and 11 of 12 S. sericea fieldidentified specimens were confirmed to be 'pure' based on the totality of cpDNA, rDNA, RAPD, chemical and morphological data. All 15 field-identified hybrids were also readily confirmed as such using the same data, with one exception. Specimen ES34 was the only field-identified hybrid homozygous for an rDNA (i.e. s-type) allele, suggesting that it is probably an F 2 , or later generation hybrid, rather than an F 1 . Five of 21 specimens fieldidentified as pure S. eriocephala (E6, E27, E37, E42, and E47) were clearly not when the DNA data was considered (for additional examples of misidentified hybrids in this hybrid zone see Fritz et al. 1994) . Possible reasons for field misidentification were discussed above. These five plants reveal the hazard of using morphology to diagnose parents and hybrids. One unequivocal example (i.e. E43) and seven other probable examples (i.e. E9, E16, E18, E22, E25, E36, and E46) of introgression were found among the remaining field-identified specimens of S. eriocephala, whereas only one probable example of introgression was found among the field-identified specimens of S. sericea (i.e. S23). Introgression was evident in one (or more) of three ways: (i) by deviant hybrid index values (either arithmetic or ML) (e.g. E9, E16, E18, E36, E46, S23; Table 1 ); (ii) by the presence of one or more S. sericea morphological characters (i.e. stipule width, hair density) (e.g. E22, E25) (data not shown); and/or (iii) by the presence of S. sericea foliar chemistry (i.e. salicortin and 2′-cinnamoylsalicortin) (e.g. E43; Table 1 ). In some cases, the presence of e-type cpDNA in atypical specimens of S. eriocephala permitted us to exclude the possibility that the observed variation in character(s) was the product of random assortment in an F 2 or later generation (e.g. E9 or E25). However, character variation within some proposed introgressants might actually be indicative of either an incompletely sampled native range of variation, or the products of random assortment in later generation hybrids, rather than introgression.
Few examples of F 1 hybrids have been found at the study site (Fritz et al. 1994; 1996) . In this study two fieldidentified hybrids (ES16 and ES49) had arithmetic hybrid index scores of 0.5, potentially indicative of first-generation hybrids (Table 1) . However, ES16 does not demonstrate complete additivity for diagnostic RAPD markers; its score of 0.5 is due to complementary losses of two S. sericea markers and two S. eriocephala markers. ES49 possesses an additive profile of diagnostic RAPD markers, and may well be an F 1 hybrid. In general, variability and independent assortment of molecular and morphological traits evident amongst the field-identified hybrid plants in this study suggests that they are primarily a group of later-generation hybrids.
The mixed population of S. eriocephala and S. sericea examined in this study is an active hybrid zone comprising individuals from each of the recognized hybrid genealogical classes (i.e. parentals, hybrids, and backcrosses). Additionally, it appears that the extent of introgression is greater in the direction of S. eriocephala, which as a whole demonstrates greater amounts of variation (an assumed consequence of introgression) in the examined characters.
Morphology versus molecules for identification of parentals, hybrids, and backcrosses
Of the 21 S. eriocephala plants identified using traditional morphological characteristics in the field, five were unambiguous hybrids, and half of the remaining 16 were apparently not pure and may be backcrosses (see above). This provides a dramatic illustration of the uncertainties associated with interpreting hybridity solely on the basis of morphology. On the other hand, if only molecular data were employed, two of the eight putatively backcrossed plants would be considered 'pure' and higher levels of simple morphological variation would be inferred for the species. This conundrum is well illustrated in a scatter diagram (Fig. 4) . When we plotted individuals in two dimensions, using stipule width and length values, we recovered a linear distribution of individuals, with most field-identified hybrids occupying intermediate positions (Fig. 4) . However, when molecular rDNA and chemistry data are superimposed on to this pattern, incongruities between the data sets become apparent. Specimen E25 occurs in a position that is unmistakably intermediate to either parent (arrowed in Fig. 4 ), yet it possesses typical S. eriocephala genetics and chemistry. Apparent intermediacy of an individual, as is evident in specimen E25, might simply be expression of a not necessarily extreme degree of native genetic diversity within S. eriocephala. In addition, hybrid intermediacy in morphological characters assumes that all characters are expressed in an additive fashion within hybrids, but as we have shown in this study (and reviewed in Rieseberg & Ellstrand 1993 ), this assumption is often unwarranted. Therefore, there is no reason to take intermediacy as evidence of hybridity. A contrasting problem is illustrated by E27, which possesses stipule length and width values that are typical for S. eriocephala (arrowed in Fig. 4 ) but, as discussed above, possesses hybrid-like genetics and chemistry. Thus, until mechanisms of inheritance of each character are understood, morphology, especially when used alone, will be problematical for interpreting hybridization.
Molecular data have been widely touted as being better suited than morphological data for hybridization studies (e.g. Nason et al. 1992; Rieseberg & Ellstrand 1993; Rieseberg & Wendel 1993; Arnold 1997) . Molecular data are of utility because: (i) they can supply a large number of independent markers; (ii) they infrequently demonstrate nonheritable marker variation; (iii) they are selectively neutral (but see below); and (iv) they have simple modes of expression and inheritance (Rieseberg & Wendel 1993; Arnold 1997) . However, several of these assumptions have recently been challenged. Rieseberg & Linder (1999) found that many of their RAPD markers in Helianthus hybrids were not being inherited in a pattern consistent with random segregation; they concluded that selection upon loci tightly linked to neutral RAPD markers resulted in segregation distortion and led to significant deviation in the expected patterns of marker inheritance. Howard (1997) found similar results in the inheritance of one RAPD marker in artificial Quercus crosses. Additionally, dominant molecular markers, such as RAPDs or amplified fragment length polymorphisms (AFLPs), do not have a simple mode of expression and present potential confusion associated with homology assessment. Despite potential problems associated with morphological and molecular data, we argue that both are essential for the study of hybridization-related evolutionary and ecological phenomena. Therefore, we believe the best approach to studying such phenomena is one of total evidence, using as many diverse and potentially independent sets of data as possible.
Conclusions
In order to appreciate fully the evolutionary history and genetic consequences of herbivory and resistance in natural populations it has been assumed that researchers must be able to distinguish the product of backcrossing from the result of random assortment in an F 2 generation. However, even if parental populations are readily identifiable on the basis of diagnostic nuclear and cytoplasmic markers, the existence of an individual plant recombining various portions of those markers cannot be unequivocally ascribed to the result of backcrossing. In addition to random assortment in an F 2 generation, a variety of other natural history processes (e.g. retention of ancestral polymorphisms and lineage sorting in sister species, convergences, or parallelisms) can, and probably do, produce similar juxtaposed patterns of character traits, without concomitant hybridization. Recently, Rieseberg & Linder (1999) have questioned the utility of investigating ecological or behavioural characteristics in hybrid zones with respect to genealogical classes. They point out that two individuals belonging to the same definition class (e.g. F 2 ) may have disparate genotypes, even though they share an identical pedigree. The focus of hybrid/ecology studies (e.g. herbivory resistance, relative fitness, adaptation/ diversification) necessarily needs to be on specific traitconferring loci of interest (e.g, production of salicortin). Trait-linked genetic markers permit explicit interpretation of character inheritance and expression, and knowledge of individual genetic constitutions provides necessarily better indicators of behaviour or performance characters than genealogical class assignment. Rieseberg & Linder (1999) thus proposed classifying plants from hybrid populations based on an indication of overall genetic similarity (e.g, multivariate or cluster analyses). Given the sometimes insurmountable difficulties associated with attempting to unequivocally distinguish between variation occurring in the F 2 generation from that produced in backcrosses, the recommendation of Rieseberg & Linder (1999) appears both practical and pragmatic. We have attempted both genealogical and genetic approaches in this study. Casual examination of the groups resolved in the plotting of first and second RAPD PCA factor scores (Fig. 1c) reveals a high correlation between group identity (e.g. S. eriocephala, S. sericea, or hybrids) and chemistry values (Table 1 ) of individuals in the group. One notable exception (i.e. E43) has already been considered as an unequivocal example of backcrossing. We performed a regression analysis between salicortin concentrations and RAPD ML hybrid index scores in our data set and found a moderate degree of correlation (R = 0.56), suggesting that RAPD ML hybrid index scores could also serve as potential indicators of chemistry and effective resistance in an individual plant, irrespective of genealogical class assignment.
Our investigation of a willow hybrid zone also provides a general cautionary note. Even if botanists and ecologists do not operate under an a priori assumption that hybridization is rare, this study indicates that hybrids might still not be readily observed in the field or herbarium. As described above, recognition of hybrids depends on the genetic inheritance of the species-defining characteristics and on the degree to which later generation crossing (F 2 , F 3 , etc.) and backcrossing restore parental phenotypes. If major distinguishing characters are under the control of one or two dominant genes, hybridization may go unrecognized. Important taxonomic characters that are quantitative might result in recognizably intermediate hybrids but, as documented in this study, hybrids may be imperfectly intermediate or highly variable, resulting in an interpretation that unrecognized hybrid plants are merely part of the morphological variation in one of the species.
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